Introduction
The discovery of oxygen occurred toward the end of the 18 th Century (1771-1775) by three scientists including Carl Wilhelm Scheele, Joseph Priestley and Antoine de Lavoisier. It took more than 100 years to discover the intracellular organelle, named mitochondrion by Carl Benda in 1898 [1] , that utilized 90-95% of the oxygen taken up and consumed by the body of patients as summarized by Waltemath in 1970 [2] .
The aim of the current review is to describe the historical R&D process of using light in order to study brain biochemical and physiological activities. I will deal with the function and regulation of oxygen in supplying energy to this unique central organ of the body.
The relationship between the activities of the brain and using optical technologies are presented in Figure 1 . Most of the information on mitochondrial function has been collected using in vitro studies. Small portion of publications dealt with monitoring in vivo of brain mitochondrial function in real-time. Prof. Britton Chance pensation mechanism. This observation that was published in 1914 was and is supported by many studies published since then.
Presentation of the balance between tissue oxygen supply and demand in a typical organ is shown in Figure 2B . Oxygen supply is dependent upon the microcirculatory blood flow (TBF), blood volume (TBV) and the hemoglobin saturation level (HbO 2 ) in the small blood vessels, namely, the microcirculation. The saturation of the hemoglobin in the microcirculation is affected by 2 factors, namely, oxygen consumption by the mitochondria and the microcirculatory blood flow. The demand for oxygen is affected by the specific activities taking place in each organ as seen in the right side of the figure.
The mitochondrial NADH (the reduced form) level is a parameter directly related to the oxygen balance. Figure 1A-1E : The story of brain bio-photonics. A -Citation regarding the creation of light. B -The use of the UV part of the spectrum as a tool for the monitoring of mitochondrial function (C). D -Schematics of the elements that represent part of the brain tissue seen in part E.
Figure 2 :
The "hypothesis" formulated by Barcroft in 1914 regarding the connection between organ activity, oxygen consumption and blood flow (6) . B -Presentation of tissue oxygen balance related to the energy supply and demand. Oxygen supply could be evaluated by measurement of tissue blood flow (TBF), blood volume (TBV) and hemoglobin saturation (HbO2). Oxygen demand varies between different tissues and include Ionic Homeostasis, Signal Conduction, Glandular Secretion, Muscle Contraction, and G-I tract and kidney function. Mitochondrial NADH serve as an indicator for tissue oxygen balance (16) . Figure 3 shows the gradient of oxygen levels between air inspired to the lungs, heart, large arteries and small arterioles to the brain intracellular compartment and finally the mitochondria. The various points of patients' clinical monitoring are shown. As seen the largest gradient of oxygen occur between the oxygen level in the large arteries and the microcirculation. The delivery of oxygen is done in the microcirculation, therefore the level of oxygen in large arteries is very high (about 100 mmHg). The last usual parameter, in the oxygen gradient, that is monitored clinically is the pulse ox-imeter that measures the saturation of hemoglobin in the systemic arteries. At this point the HbO 2 is highly saturated as indicated in point 1 at part A of the figure. The saturation of the HbO 2 at the microcirculation is depending on the organ that is evaluated. In the brain, heart or kidney (very active organs), the saturation will be in the range of 50%-60% and in the resting muscle it will be around 80%. Monitoring of the microcirculation and especially mitochondrial function in vivo is not a standard approach in daily clinical activities. (96) . In the insert A, the dissociation curve of O2 and hemoglobin is presented.
The historical milestones in the development of mitochondrial NADH monitoring after its discovery in 1906 by Harden and Young are listed in Table 1 . Most of the milestones were achieved by Prof. Chance. The collaboration with the physiologist, Prof. Jobsis, led to many studies where various organs in vitro or in vivo were monitored. Most of the studies published in this field were expanded by the team working with Prof. Chance in Philadelphia and then moved to other universities around the world. The correlation between NADH fluorescence in vivo and enzymatic analysis of NADH in the tissue (52) Chance et al.
1968
The measurement of tissue reflectance together with NADH fluorescence (30) Jöbsis &Stansby 1971
The first report describing the monitoring of the human brain during neurosurgery (33) Jöbsis et al.
1973
The first usage of fiber optic based fluorometer-reflectometer in monitoring the brain of an unanesthetized animal It is now more than 60 years since the pioneering work of
Chance & Williams on mitochondrial metabolic state in vitro shown in Figure 5 , was published [7-10]. Harden & Young described the pyridine nucleotides almost 110 years ago [11, 12] followed by the description of its full structure by Warburg and collaborators 30 years later [13] . All those studies initiated the first detailed experiments, by Chance et al. [14] , in which NADH (Nicotine amide adenine dinucleotide) fluorescence, was used as a marker of mitochondrial function of the brain and kidney in vivo in the anesthetized animals.
Principles of Monitoring NADH Fluorescence
Monitoring of NADH by the difference in the absorption spectrum of its reduced form, led to a limitation of that technique to the study of mitochondria in vitro, and in very thin tissue samples (e.g.
muscle) or in cell suspension. More specific and better method is fluorescence spectrophotometry in the near-ultraviolet range (UV-A).
The discovery of the optical properties of reduced Nicotineamide Adenine Dinucleotide -NADH (earlier names: DPNH -diphosphopyridine nucleotide, or PN -pyridine nucleotide), led to an intensive research activity since the early 1950's. The reduced form of this molecule, NADH, shown in Figure 6A1 & 6A2 [15] , absorbs light at 320-380 nm ( Figure 6A3 ) and emits fluorescent light at 420-480 nm range ( Figure 6A3 ) [16] . The oxidized form NAD + does not absorb light in the UV range, therefore it was possible to measure the redox state of the mitochondria by monitoring the UV absorbance or Blue fluorescence of NADH. Figure 6B present NADH fluorescence spectra monitored from the brain of anesthetized rat exposed to anoxia as described in detail [17] .
Figure 6:
A. The structures of NAD+. The nicotinamide group (broken ring) is the "functional" part of both molecules (A1) i.e. the portion of the molecules where oxidation and reduction take place (15, 99) . A2. The transition between oxidized and reduced NADH. A3. Excitation and emission spectra of NADH (16) . B. Emission spectra of the brain under excitation of 366 nm light (A1, B2, B1, B2, and C1) or laser 324 nm light (C2). C1 and C2 were measured from a dead brain (23).
Figure 7:
A. Apparatus for measurement of "fluorescence spectra". The wavelength drum was driven by a synchronous motor. A sectioned disc d, mounted on another synchronous motor, modulated the incident light. The a.c. component of the current, caused by the light falling on the iP 21 multiplier, was amplified, rectified and fed into the recorder. B. Fluorescence spectra of NADH. The open circles are for excitation by wavelength 313 mµ, the black ones for excitation by 366 mµ. The spectrum for 313 mµ has been multiplied by a certain factor to make its maximum of equal height as the maximum of the spectrum excited by 366 mµ. The spectra appear to be identical; the maximum is at about 462 mµ (22) .
The first model of fluorescence recorder was described by Theorell & Nygaard [18, 19] and Theorell, Nygaard and Bonnichsen [20] . Boyer & Theorell in 1956 showed that the fluorescence of DPNH was shifted and the intensity was increased upon combination of DPNH and liver alcohol dehydrogenase-ADH [21] . The 1 st study using fluorescence spectrophotometry of NADH in intact Baker's yeast cells and Algae cells, was published in 1957 [22] as seen in Figure 7 .
The features of NADH fluorometers consist of the 4 components:
a.
A light source (including appropriate filters).
b.
An optical path to the monitored object and back to the detection unit.
c. Signal detection and processing units.
d.
Signal recording and data storage units.
In our 1984 review, we specified the light-guide-based fluorometry used in our studies [23] . Ince et al. [24] , included many oth-er technical aspects of the methodology in their review. Duysens & Amez [22] schematized the first fluorescence spectrophotometer used for intact cells. They utilized the "classical" light source -the mercury arc -providing a very strong band at 366 nm, even though not at the maximal NADH absorption peak of NADH (340 nm). Using a monochromator, they were able to obtain the NADH fluorescence spectrum in baker's yeast cells and photosynthesizing cells.
They concluded that "the fluorescence excited by 366 nm can be used for measuring reduced pyridine nucleotide in vivo".
Chance & Legallais [25] described a differential fluorometer that opened a new era in monitoring NADH fluorescence in vivo.
They used a microscope, serving as the fluorometer basis, with two light sources: tungsten and mercury lamps with appropriate filters.
Chance & Jobsis [26] and Chance [27] showed that mechanical muscle activity ends up with NADH oxidation measured in excised muscle. This study was the bridge from the subcellular (mitochondria) and cellular (intact cell) monitoring approaches toward actual in vivo applications. In addition to the interference filter, a Wratten type 2C filter is also placed in the back aperture of the objective. The wave-length-range of the interference filter is 400-700 mµ, and the specification on its spectra interval is 30-40 mµ. Other features of the high pressure mercury arc excite the fluorescence of the specimen at 366 mµ by means of an 'Eppendorf' primary filter. Fluorescence excitation and emission pass through the Leitz Ultrapak objective and a ocular (98). 2 -Experimental setup for microfluorometry of brain and kidney cortex in the rat measured simultaneous. Two microfluorometers were focused on the exposed surfaces of the 2 organs. The oxidation-reduction level of the intracellular pyridine nucleotide was altered by changes in ventilation and the corresponding fluorescence changes was recorded by the two microfluorometers. For the kidney fluorometer, the water-cooled lamp housing attached to the Leitz "Ultrapak" illumination system is shown. 3 -Recordings of the kinetics of increases in fluorescence observed in oxygennitrogen transition for kidney (A) and brain (B) cortex of anesthetized rats. The increases in fluorescence are recorded as a downward deflection. The times when gas in the tracheal cannula was changed from oxygen to nitrogen and the times when breathing stopped and started again are indicated.
The in vivo NADH monitoring system was introduced during in the late 1950's and early 1960's. The effects of scattered light and tissue absorption due to blood were not evaluated or measured when NADH fluorescence was measured. The first results of in vivo NADH fluorescence measurements appeared in 1962 [14] . These "classical" papers described two microfluorometers that were modifications of previous designs [25, 28] . This micro fluorometer ( Figure 8 -1) type employed Leitz "Ultrapack" illumination, which had been used for many years until the development of UV transmitting optical fibers. To avoid movement artifacts, rats were deeply anesthetized, and their heads were fixated in a special holder on the operation table. The same instrumentation was used in other in vivo studies, including those of Chance's group and other investigators cited in a previous review [17] .
The effect of blood on NADH fluorescence was discussed early by Chance et al. [14] . In order to monitor NADH in vivo, it was necessary to avoid large blood vessels in the monitored area which interfere with the emission and excitation light. The monitoring of a second parameter in tissue fluorometry in vivo was reported in 1963 [29] . It was shown that "changes due to the deoxygenation of oxyhemaglobin do not interfere with measurement of the time course of fluorescence changes in the tissue studies". The addition of a second monitoring signal, namely, tissue reflectance at the excitation wavelength was reported in 1968 [30] . It was based on a previous model described by Jobsis et al. in 1966 [31] . In another two papers [32, 33] , the measurement of 366 nm reflectance was used for the correction of the NADH fluorescence signal from the brain.
The reflectance signal was subtracted from the fluorescence signal.
The same type of fluorometer was used in by Gyulai et al. [34] .
In studies of the cerebral cortex the skull was removed carefully in order to minimize bleeding; about 25 square millimeters of the cortex was exposed. The dura was left intact. The head was held similarly to that used in stereotaxic studies of the brain and was kept sufficiently motionless for continued observation of a small area between major blood vessels. In a few studies, measurements were made simultaneously on the cortex of the brain and on the kidney by means of two independent microfluorometers. In such cases the kidney was held in a clamp on the back of the animal. The apparatus is seen in Figure 8 
Areas of the brain and kidney were selected which showed a bright and uniform distribution of fluorescent material. Areas containing large blood vessels were avoided. On the brain cortex a field was selected in which the number of visible capillaries was minimal.
Since continuous viewing is possible during photoelectric measurement of the fluorescence, these positions were monitored to make sure that mechanical artifacts were avoided. Figure 8A (lower left side) show the response of the kidney. The increase in fluorescence observed at the time respiration ceases is 11 percent of the total increase during anoxia. As soon as a plateau is reached, the lungs are ventilated with oxygen three times. Three seconds after venti-lation is ended an abrupt decrease in fluorescence is observed and breathing starts as the decrease reaches its peak. Irregularities in the extent of oxidation in the fluorescence signal are observed for the next 0.5 minute, but the fluorescence remains above the initial value for 2½ minutes.
A Figure 8B illustrates the response of the brain cortex. No fluorescence changes are observed for 30 seconds after the inspired gas is changed from oxygen to nitrogen. A small but consistently observed diminution of fluorescence occurs, and 10 seconds thereafter hyperventilation was observed. After a plateau is established, ventilation with oxygen is commenced, and 3 seconds thereafter an abrupt decrease in fluorescence reaches its plateau, breathing commences.
These results indicate that similar fluorescence changes under anoxia in vivo, were observed in excised slices, and in isolated mitochondria. 
Fiber Optic based Fluorometer/Reflectometer

Laboratory device
The development of light-guide-based fluorometry-reflectometry is shown in Figure 9 . The original fluorometer reflectometer was based on the time-sharing principle ( Figure 9A ). Four filters were placed in front of a 2 arms light guide. Filters 1 and 3 enabled the measurement of NADH fluorescence, while filters 2 and 4 were used to measure tissue 366nmreflectance. The reflectance trace was used to correct the NADH signal for possible hemodynamic artifacts, and to indicate relative changes in the blood volume of the monitored tissue.
In this system, one photomultiplier tube was used to detect the two signals namely fluorescence and reflectance. Figure 9B presents the first in vivo brain monitoring time sharing setups, connected to the brain [36] . In order to simplify the system, the time-sharing approach (AC mode) was replaced by splitting the light emitted from the tissue into two unequal fractions for the measurement of fluorescence and reflectance signals. This was achieved by using 2 photomultipliers. This device, named the DC fluorometer, contained two arms light guide probe. In the two configurations, the reflectance signal was used for the correction of the fluorescence signal (see details [17] ). This model was used in studying the brain The responses of the rat brain to anoxia using two size diameters of the fiber optic bundle are shown in Figure 9C . When the brain was exposed to concentrated KCl solution, repeated cycles of NADH oxidation (decreased signal) as seen in Figure 9D .
The MitoViewer
Another type of fluorometer/reflectometer device (MitoViewer) was developed in 2007 by -Prizmatix Ltd as seen in Figure 10A & B. 
System overview
The MitoViewer device comprises the following subunits:
Light Source Unit: Provides UV light at 365nm for NADH excitation and tissue reflectance measurements. Also included is a reference photodiode that enables correction of signals in cases of intensity changes of the LED during measurement. Typical responses of the brain to oxygen depletion by exposing the rat to 100% nitrogen are presented in Figure 11A 
USB-6009 module: Provides A/D conversion for the Refl and
Animal Preparation for NADH monitoring
An operation table and probe holding device was used to perform brain as well as other body organs preparation for the measurement period. The table for the operation procedure is shown in Figure 12A . The head is connected to a special head holder for the period of the brain operation (20-30 minutes) and then could be released, for the monitoring period, as shown in Figure 12B & C.
If needed, the other monitored organs i.e. muscle, kidney or liver, must be held by a micromanipulator during the measurement period. The cerebral cortex was the main organ monitored by other investigators as well as in our group.
Figure 12:
A -The surgical system used to prepare and measured up to 4 organs simultaneously including the brain. The same system enables to perform a craniotomy while the animal is connected to a special head holder. B+C Stages in the preparation of the rat brain for NADH monitoring. B -The location of screws needed for the fixation of the light guide holder to the skull by dental cement. C -The view of the head at the end of the operation. D -The fiber optic probe is inserted to its holder and the animal is ready for monitoring (16) .
The entire protocol of the preparation of the rat is given here. 
ml/100g body weight. A midline incision is made in the skin in or-
der to expose the skull. Three holes were drilled in the skull and appropriate screws were inserted to the skull as shown in Figure 12B .
The craniotomy (3-5 mm in diameter) was drilled in the right or left parietal bone for the fixation of a light guide holder. The light guide holder and the 3 screws were then fixated to the skull using acrylic cement ( Figure 12C ). Ten minutes later the head was released from the holder and the fiber optic probe was inserted to the appropriate depth and fixed by a set screw ( Figure 12D ). Figure 13 illustrates the various experimental and clinical perturbations used in our laboratory during the last 45 years. Table 2 lists the studies published by Mayevsky and his collaborators on brain NADH fluorescence. The papers are classified according to the type of perturbation used. In all those papers published in the period of 1973 and 1978 we monitored the mitochondrial NADH as a single parameter monitoring system. For the physiological interpretation of the changes in NADH measured in vivo, it was necessary to move from a single parameter monitoring system to the multiparametric monitoring approach) MPA). 191, 192, 194, 195, 197, 198, 200, 201, [203] [204] [205] [206] [207] [208] [209] [210] [211] [212] Hypercapnia (148, 159, (212) (213) (214) Drugs including Anesthetics (4, 40, 48, 85, 107, 111, 119, 123, 139, 144, 146, 148, 149, 152, 158, 159, 168, 169, 183, 196, (199) (200) (201) (202) (203) 208, 210, (214) (215) (216) (217) (218) (219) 95,108,112,116,127,130,131,133-136,138-141,143,145,146,148-150,152,153,157,158,160,164,167,171,173,176,180,184,187,197,200,208,214,215,217,220,223,224 ,227,234,235) As described in Figure 2B the redox state of NADH represent also the balance between oxygen demand and supply. Therefore, the multiparametric monitoring system results could provide better understanding of the pathophysiological processes developed.
From Single Parameter to Multiparameter Monitoring Approach
The term "Brain physiological mapping" based on the various parameters that could be monitored in vivo using a minimally invasive techniques presented in Figures 14 & 15 [5] . The aims are to monitor, a small volume of the cerebral cortex containing all the tissue elements that are part of a typical functioning brain tissue. The interest is in the microenvironment of the brain tissue containing neurons, glial cells, synapses and the microcirculatory elements (small arterioles and capillaries). During the process we pursued the goal of being minimally invasive to the cortical tissue itself. It was obvious that the various probes could not monitor the same volume of tissue due to the size of each probe used.
Therefore, we minimized the diameter of the various probes placed in the multiparametric assembly (MPA) that had a 5-6 mm contact area with the cerebral cortex. In many perturbations used, (global ischemia, anoxia, hypoxia or hemorrhage), most of the areas in the cortex will respond in the same way. The development of the MPA after the establishment of the fiber-optic-based NADH monitoring system in 1972 when the first UV transmitting fibers appeared [36] .
The connection of the brain to the fluorometer via optical fibers enabled us to monitor, for the first time, the monitoring unanesthetized brain. The initial data using this technology appeared in 2 papers [35, 36] . All details of the technological aspects and animal preparation appear in the original relevant publications; our approach was to develop a new upgraded version of the monitoring system and present initial preliminary results. In the next step a large well-designed study on few groups of animals were done and the data was analyzed for its statistical significance.
Responses of Brain NADH Fluorescence to various Experimental Conditions
In the current section, the effects of various experimental treatments in animal models on brain NADH will be describe in detail.
It is important to note that most of the published data on NADH monitoring, have been accumulated from the cerebral cortex.
Changes of Oxygen supply in vivo
Introduction: Chance and Williams [9, 43] , found that the com- Hypoxia and Anoxia: The responses to hypoxia and anoxia are very similar; therefore, they will be discussed together. According to Chance & Williams [8, 9] , a shift toward State 5 in the metabolic state of the mitochondria, involves an increase in NADH proportional to a decrease in O 2 supply. Figure 16A shows the response of the brain NADH to anoxia in vivo [44, 45] . At those days the fluores- In 1972, we used UV transmitting optical fibers and applied the quartz fibers to the in vivo monitoring of NADH fluorescence in the brain. It was assumed that the response of NADH fluorescence to
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Copy@ Avraham Mayevsky hypoxia or anoxia, induced in vivo, should be very similar to the response of isolated mitochondria that were investigated until those days. Figure 16B presents an interesting two responses of the brain to anoxia. NADH and the electrical activity of the brain were measured [37] . In these experiments the rats were slightly anesthetized by Equithesin. The nitrogen was applied via a nasal mask. In part B1, the duration of the anoxia was 70 sec and in part B2, 100
sec. Figure 16B1 Figure 16B2 shows the response of the same animal to a longer N 2 cycle. The animal was exposed to N 2 for 100 sec. The main differences between the two cycles are that after the recovery of the NADH to the nor- Figure 17 shows the responses of a dog/puppy brain to graded hypoxia (A-C) and to brain anoxia (D) [17] . As seen, the changes in the corrected fluorescence signals (CF), which represent the NADH redox state, were inversely correlated to the decrease in FiO 2 levels (from 6% to 0% O 2 ). In four records, the intensity of the decrease in the reflectance trace was also correlated with the level of hypoxia. The correlation between the NADH fluorescence and the FiO 2 levels are presented in Figure 17E . It was found that the FiO 2 had a significant effect on the NADH redox state (F = 113.6, df = 6, p < 0.0001). However, age did not significantly affect the NADH response (F = 0.25, df = 4, p < 0.91). The NADH response of the puppies to various oxygen concentrations could be divided into four levels of hypoxia which are statistically different from each other:
In order to understand better the response of the mitochondrial NADH to anoxia/hypoxia it was necessary to monitor more physiological parameters from the same brain simultaneously. The results obtained when the multiparametric monitoring system was used are presented in Figure 18A . The effects of complete deprivation of oxygen (anoxia) on the brain were detected when the animal was exposed to hypoxia as shown in Figure 18B [23] . The rat was exposed to 10%, 5% or to 100% N 2 . The decrease in oxygen supply resulted in a gradual decrease in brain pO 2 , as well as in an increase in NADH. The ECoG showed a clear response only to 100% N 2 . This response corresponded to a slight increase in extracellular K + . 91) . B -The effects of hypoxia (10% O2, 5% O2) and anoxia (100% N2) on the metabolic, ionic and electrical activities of the rat brain. In this animal the oxygenation of the brain responses to breathing air as compared to 95% O2 are shown (23) .
Partial and complete Ischemia:
Under partial or complete ischemia, blood flow to the monitored organ is decreased and, as a result, O 2 delivery is limited or even abolished. The use of ischemia in animal models provides information relevant to clinical situations such as brain stroke. The primary factor starting the pathological state is the decrease in O 2 supply, making the tissue energy balance negative.,
In the early 1960's, Chance [45] tested the effect of irreversible ischemia on brain NADH using the decapitation model. As shown in Figure 19A , about 8 secs were required between the start of NAD reduction and the attainment of half-maximal reduction. In an attempt to observe the time for NAD reduction in ischemia, we have employed a decapitation technique with the mouse; the optical system is arranged so that the slight mechanical artifact occurring on decapitation would not disturb the fluorescence excitation.
Using the fiber optic based fluorometer, we measured, in 1976, the effect of decapitation on NADH and ECoG in the awake rat and typical response is shown in Figure 19B [47]. Later, we tested the effects of age on NADH redox state in the awake and anesthetized rat exposed to decapitation [48]. The NADH was monitored from the two hemispheres of the rat brain.
Here we are presenting the four upper traces that were measured from the right hemisphere. The differences in the responses between the two hemispheres were insignificant in most cases. The 366 nm reflected light (R) shows a very small initial response to the decapitation ( Figure 19B ). However, a very large secondary reflectance increase was recorded 1-2 min after ECoG = 0 when NADH reached its maximal level.
The uncorrected (F) and corrected (CF) 450 nm fluorescence signals were like those described previously. In order to analyze the effects of age on the responses to decapitation, various parameters were measured and calculated from the analog signals, as shown in Figure 19B .
The definitions for the various parameters are as follows: In the late 1980's a new technique enables the monitoring of microcirculatory blood flow (laser Doppler flowmetry) was incorporated into our MPA monitoring system as seen in Figure 20A [49]. They found that the NADH of the brain, liver and kidney became more oxidized under hyperbaric oxygenation, and this effect was correlated with a decrease in NADH measured by biochemical analysis of fixed tissue. Figure 21A shows the system that enabled the monitoring of NADH under in vitro or in vivo exposure to hyperbaric oxygenation. This technique was used also when various organs of the rat were exposed in vivo to HBO as seen in Figure 21B [52]. Using the light-guide-based fluorometry, we exposed an awake brain to hyperbaric oxygenation as seen in Figure 22A .
Results recorded from the unanesthetized rat brain exposed to 75 psi (6ATA) of oxygen are shown in Figure 22B 
Responses of NADH Fluorescence to Increase in Energy Consumption
Chance and Williams showed that the activation of the mitochondria by increased ADP is coupled with oxidation of NADH (decreased NADH levels) and is known as the State 4 -State 3 transition in isolated mitochondria [15, 31] . As shown in Figure 2B Figure 23A ). After cortical electrical stimulation he recorded a wave of EEG depression propagated from the stimulation point to the rest of the hemisphere. In parallel to the EEG depression, the steady electrical potential shows a negative shift [59] . I The wave of depolarization passing through the tissue increases energy consumption [58] . In another study Leao described the effects of CSD wave on the diameter of the blood vessels on the brain surface [59] . The involvement of the microcirculation in the response to CSD was described by Van Harreveld et al few years later [60, 61] . In other studies, the The PO 2 in the brain had indicated that demand for energy and oxygen consumption increased during the CSD wave [62] [63] [64] . Bures and Krivanek [65] used a special approach to check ion shift in the rat cortex and showed that extracellular potassium is elevated [66] . In the early 1970s, Vyskocil et al. used a potassium-selective microelectrode and showed clearly that extracellular K+ was elevated significantly and lead to increase in oxygen consumption [67] .
Effects of Cortical Spreading Depression (CSD): Brain Cortical Spreading Depression [58] was
When dealing with CSD and hypoxia or ischemia it is important to define the situations clearly. The discovery of the CSD event happened when rabbits' brain was exposed to electrical stimulation in order to elicit "experimental epilepsy". Oxygen supply to the brain was normal. Under ischemia, the EEG is also depressed as soon as the oxygen supply to the brain is limited but the mechanism behind the EEG depression is different from that operated in CSD ( Figure   31 ).
The effects of CSD on brain mitochondrial NADH was first described in 1973, by Rosenthal and Somjen, where a clear oxidation wave was recorded [68] . In the same year [36] our team showed the same NADH oxidation response to CSD in the rat brain ( Figure 9D) .
A year later, we demonstrated the coupling between the elevated extracellular K+ induced by CSD and the NADH oxidation needed to recover the normal ionic homeostasis by the mitochondria [38] .
Also, we studied in detail the nature of the NADH response to CSD as seen in Figure 23B many cycles were recorded. Figure 23B represents the latter condition, in which six SD waves developed by 0.4 M KCl were terminated by washing the brain surface with 0.9% NaCl. The oxidation of NADH is corresponding to states 4-3-4 transitions and are related to the changes in energy demand during the SD cycle.
In order to show that the CSD wave recovery is dependent on the availability of oxygen another experiment performed and the results appear in Figure 24 . If energy production is in the normal range, the pumping of potassium into the cells starts immediately and its level recover back to the normal value-3 mM. When energy production is inhibited, the pumping of K+ is inhibited, as shown in Figure 24 [69] . In this animal, waves of CSD developed spontaneously after a few hypoxic episodes and the left side of the figure shows the regular response to CSD. The efflux of K + reached a level of 14-15 mM and was then pumped back into the cells and the NADH (CF) shows a clear oxidation cycle as shown also in Figure   23B . In the second CSD cycle shown in Figure 24 , hypoxia of 4% oxygen was induced at the beginning of the recovery period and the recovery process was inhibited until 100% O 2 was provided again to the rat. Figure 18A) . B -The effects of hypoxia (4% O2) on the metabolic, ionic and electrical responses to cortical spreading depression developed spontaneously in the rat brain. Abbreviations are as in Figure 18 (69) .
Figure 25:
A -Presentation of the experimental setup used to study brain cortical spreading depression (see details in Fig. 20A) . B -Metabolic, hemodynamic, ionic and electrical responses to CSD. The MPA used in this study contained two different bundles of fibers for monitoring the relative CBF and NADH redox state. R, CF -reflectance and corrected fluorescence; LDF LDv -Laser Doppler flow and volume monitored from another optic fiber located in the MPA; ECoG -electrocorticogram; K+e , ECa2+, Cae2+ -corrected potassium, uncorrected and corrected calcium ion concentrations, respectively; DCK+, DCca2+ -DC steady potential around the K+ and Ca2+ electrodes (49). Figure 25 shows a laser Doppler flowmeter added in order to record microcirculatory blood flow [70] . Part B shows two sets of responses to CSD recorded after 0.1M KCl application 2 mm anterior to the MPA. A clear correlation between the oxidation of NADH (CF) and large increase in relative CBF can be seen during the six cycles recorded. The changes in relative CBF are calculated in relation to the control values before the waves were initiated, The cycles of CSD were not so clear on the volume trace and we suspect it was a reading problem, since in other studies a clear connection between flow and volume was found using the same laser Doppler flowmeter. Jobsis et al. in 1971 [32] described the influence of epileptiform activity on brain mitochondrial NADH redox state. Using anesthetized cats exposed to an epileptogenic drug (Metrazol or Strychnine), a marked expected oxidation of NADH was recorded. The changes in the electrical activity, increased the demand for energy in order to restore ionic homeostasis during the epileptic activity. The connection between the concentration of K+ and the oxidation of mitochondrial NADH was shown in cat hippocampus [71] . The effect of seizures on mitochondrial NADH was investigated later by other groups, [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] . Vern et al. showed that epileptic activity, induced in hypotensive cats, caused an increase in NADH instead of a decrease [82] .
Effects of Epileptic activity:
In 1975, we described the mitochondria NADH responses to epileptic activity measured in non-anesthetized rats [37] . The Metrazol (100 mg/ml) was applied epidurally, to the surface of the rat brain, using a special cannula [37] . The typical response to Metrazol occurs 3-5 min after the administration of the drug and the results are shown in Figure 26 -part A. The Metrazol was applied to the right hemisphere and the left one served as a control. An increase in electrical activity was recorded together with an oxidation of NADH which was in the range of 5-10% of the normoxic level. After a period of a very intense activity, the EEG became isoelectric while the NADH showed a very large oxidation cycle A different response was recorded in other animals as. In these cases, the small oxidation under Metrazol effect was recorded but the recovery to the normoxic level showed no large oxidation cycle (data not shown). Figure 26B presents the progression of seizure activity in a special strain of gerbils [84] , developing epileptic effects as a result of monotonic noise. As seen in the Figure 26B the exposure of the awake gerbil to noise resulted in the development of epileptic activity followed by a CSD wave [17] . The coupling between the two pathological events is clear and manifested by the electrical activity (ECoG) as well as extracellular K+ levels and NADH redox state. During the epileptic stage, extra cellular potassium increased and started to recover to the baseline, but then a larger elevation was recorded. There is a clear correlation between the various parameters during epilepsy and CSD. The decrease in NADH was smaller during the first stage, followed by an oxidation cycle typical for CSD. Figure 26 : A -The effects of topical application of Metrazol on brain NADH fluorescence, reflectance and the EEG of the two hemispheres. Note that the amplitude of the EEG calibration in the right hemisphere is 1 mV (37). B -The development of epileptic activity followed by cortical spreading depression (CSD) wave in the brain of a seizure-prone gerbil. ECoG, electrocorticogram; PO2, partial pressure of O2; EK+, DCK+, extracellular potassium and DC steady potential measured around the K+ electrode; R, F, and CF, reflectance, NADH fluorescence, and corrected NADH fluorescence (17) .
NADH responses to activation of the brain under restriction of oxygen supply:
We used 2 ways to decrease oxygen supply to the brain while exposing it to an increase in oxygen demand by local brain ischemia or systemic hypoxia.
In order to study the effects on the metabolic response of the brain resulting from the limitation of its blood supply, the carotid artery ligation technique was used. The common carotid arteries were dissected in the neck, and loops of ligature were placed around the vessels. Measurements of NADH redox state were taken by a light guide holder located above the right hemisphere. Initia-tion of cortical spreading depression (CSD) cycles was initiated by flushing KCl solution through a small push-pull cannula implanted above the right hemisphere so that NADH fluorescence measurements were taken at the same time. KCl was applied topically to the cortex and NADH fluorescence and ECoG measurements were taken.
This, response represents the normal brain and served as a control. Three hours after the operation when the animals were fully awake, the carotid arteries were ligated.
Figure 27:
A -The effect of acute bilateral carotids occlusion on the metabolic response to cortical spreading depression (SD). Parts B, C and D were measured 15 min, 90 min and 18h after occlusion, respectively (85) . E -The metabolic responses of the normoxic and ischemic (F) brain to a wave of CSD R-366 nm reflectance, CF-NADH change (101) . Figure 27A -D shows the response of an awake brain to a bilateral carotid artery ligation and CSD [85] . Before ligation, 0.5 M KCl was applied to the cortex and the normal metabolic response to CSD was recorded ( Figure 27A ). The bilateral ligation of the carotid arteries caused an increase in NADH, and since the KCl remained on the cortex during this period (about 3 min), the response to SD was immediately apparent. In this animal, the duration of the oxidation cycle became very long after the ligation, as a response to spreading depression. A similar long oxidation cycle was recorded again later (lower Part-B), but within 2h the metabolic response to SCD disappeared (not shown).
In this set of experiments 10 rats were involved. Figure 27 shows a typical response of the brain to acute bilateral carotid The effects of hypoxia on the response to epileptic activity induced by Metrazol is shown in Figure 28 [37]. Matrazol was applied under hypoxic condition. The animal was exposed to air (A), 10% In order to test the validity of the 2 types of NADH responses to CSD induced in the normoxic and ischemic brain we used a different approach. We constructed and tested a mathematical model [86] , capable of simulating changes in brain energy metabolism under various pathophysiological conditions. The model incorporates the following parameters: cerebral blood flow, partial oxygen pressure, mitochondrial NADH redox state, and extracellular potas- When CSD was induced, the increase in energy requirement leads to the activation of Na + -K + ATPase in order to restore the normal potassium distribution and causes an increase in blood flow and a decrease in NADH. When the blood flow decreases mildly (mimicking the ischemic period, an infusion of potassium was modeled.
Accordingly, the blood flow slightly decreases as a result of the infusion, and then increases to the new resting level.
Monitoring of the Human Brain in Neurosurgical OR and ICU
After accumulation of preliminary results using the 1 st clinical multiparametric monitoring system [4] , a new commercial device was developed. In the new device-the TiSpec, we monitored only three out of the 8 parameters monitored by the multiparametric monitoring system [4] . We used only the optical based probes in order to simplify the technology and to shorten the "time to market" of the new device. The TiSpec provided parameters of microcirculation (blood flow and volume) and mitochondrial NADH. The TiSpec and the various probes developed for this device are presented in Figures 29A & 29B . This device was tested in animal models as well as in neurosurgical patients. In Figure 29B , one of the various holders of the fiber optic probe are shown. In. In Figure 29B the probe is located on the surface of the brain during operation. More details regarding the Tispec were published [87, 88] .
The first attempt to monitor NADH from the human brain by our group was in 1990. We monitored few neurosurgical patients in the Hospital of the University of Pennsylvania after IRB approval. We monitored in those patients only Mitochondrial NADH and microcirculatory blood flow since extra time availability during the surgical procedure is very limited. The responses of the human brain to ischemia are presented in Figure 29C . In this patient a short brain ischemic episode was induced by the occlusion of the common carotid artery during the preparations for brain aneurysm procedure.
As seen in Figure 29C an immediate decrease of CBF was recoded simultaneously with an increase in NADH redox state with only very small changes in the reflectance recorded (R). The recovery of CBF and NADH oxidation were very fast. The time to reach 50% of the change in NADH during the recovery was less than 3 seconds.
In contrary to the NADH recovery to the pre-ischemic level, the CBF signal shows a large hyperemic response (large overshoot in CBF). In the 1980's we developed the first multiparametric monitoring system that was adapted to experimental animals exposed to various pathological conditions [89] [90] [91] [92] . Later on, we improved the system in order to introduce it to the neurosurgical operating room or intensive care unit (ICU) for patient monitoring. The concept behind the development was that the more parameters that are monitored, the better the diagnosis of the situation will be. The ideal system was to monitor eight parameters from the brain (right side) in addition to the various systemic parameters monitored in every patient hospitalized. The long-term vision was that all parameters monitored by the 2 monitoring systems will be integrated in the same data bank and an expert system will be developed for bet- The MPA is connected to the brain via a special holder screwed into the skull. ICP, intracranial pressure probe; CBF, NADH-fiber optic light guide probe to measure local cerebral blood flow, (CBF) and mitochondrial redox state (NADH); K+, DC, extracellular K+ mini surface-electrode surrounded by a DC steady potential monitoring space; ECoG, bipolar electrocortical electrodes (4). B -The first clinical monitoring setup ("Brain Monitor") used in the neurosurgical intensive care unit. The Multiparametric monitoring system consists of various devices installed in the same cart. The MPA shown in Figure 30A is connecting the brain of the patient to the Brain monitor (96) . C+D -Two responses of the brain to a wave of cortical spreading depression developed spontaneously in a severely head-injured patient. ICP intracranial pressure; R -366 nm reflectance, NADH -450 nm corrected fluorescence; CBF, CBV cerebral blood flow and volume measured by laser Doppler flowmetry; Ke, DC -extracellular potassium levels and the DC steady potential measured around the K+ electrode; ECoG electrocorticography.
Based on the well-developed MultiProbe Assembly (MPA) used for animal experiments [3] a new MPA was developed and applied to patients monitored in the neurosurgical operation rooms and ICU. This device allowed us to monitor, in real-time, the hemodynamic, metabolic ionic and electrical activities in the brain of comatose patients. All details regarding the technology and the clinical setup appear in our published paper [4] . Figure 30A shows the longitudinal section of the MPA (measuring 8 parameters) used in the neurosurgical operating room and ICU. The MPA was connected to the multiparametric monitoring system shown in Figure 30B .
The next step was to use the multiparametric monitoring system in the neurosurgical ICU. In this group, 14 patients were mon-itored ( Figure 30C+D ). Only one of the 14 monitored patients had developed spontaneous changes in all parameters like the typical responses to SD in animals. These changes were recorded 4.5h after the beginning of monitoring, which was 7 hours after admittance to the hospital. During the measuring period, this patient was bilaterally irresponsive to pain, his pupils were dilated and non-reactive to light. He was mechanically ventilated, and his brain CT scan showed evidence of severe brain edema in the left hemisphere and right parietal hemorrhagic contusion. The measurements were taken from the right frontal lobe. As seen in Figure 30C , the ECoG became depressed for 10-15 minutes and at the same time a cycle of elevated extracellular K + and a small negative shift in the DC potential were recorded. These changes are typical to transient depolarization,
which is a dominant part of cortical spreading depression. NADH was oxidized while blood flow and volume increased. This patient exhibited repetitive SD cycle every 20-30 minutes. However, the following SD like cycles that were recorded from this patient (after the first ones) showed different hemodynamic and metabolic responses ( Figure 30D ). While extracellular level of K + and the pattern of the DC potential were very similar, NADH oxidation cycles were replaced by a biphasic cycle comprised mainly of a phase of increased NADH followed by a small oxidation phase. The compensation of blood flow and volume was also reversed at this time. The monophasic increase in CBF and CBV was replaced by an initial decrease followed by a smaller increase. Significant correlations were seen between CBF, CBV and NADH (CF) and extracellular K + levels .
The severe head injured patient who showed high levels of ICP was treated with Mannitol infusion as seen in Figure 29D . The infused bolus led to a clear decrease in ICP associated with a large increase of CBF and a beneficial effect on tissue oxygenation state (oxidation of NADH) [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] . hypoxia and ischemia, the production of ATP by the mitochondria is decreased and becomes a limiting factor in the system. Due to the inhibition of the ionic pumps, the ionic homeostasis is disrupted, and hypoxic or ischemic cortical depolarization is developed . The end points of this process are changes in the electrical activities recorded as a depression of the ECoG and a negative shift in the DC steady potential. In addition, due to the depolarization event the extracellular potassium is elevated. If this situation persists for more than a few minutes, irreversible damage to the cortex may develop. When the brain is activated by CSD or epileptic activity (lower left side) the events will propagate toward the activation of the brain and energy consumption is increased (purple arrows) [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] . The coupling between the two pathological events is clear and manifested by the electrical activity (ECoG) as well as extracellular K + levels and NADH redox state. During the epileptic stage, extracellular potassium increased and started to recover to the baseline, but then a larger elevation was recorded. There is a clear correlation between the various parameters during epilepsy and CSD. The decrease in NADH was smaller during the first stage, followed by an oxidation cycle typical for CSD . After the accumulation of huge amounts of experimental results, we decided to develop a preliminary tool named Brain Metabolic Score-BMS as seen in Figure 32 . In the initial developmental stage, the BMS was calculated by using two parameters, namely the NADH and CBF. In the present study we are presenting the preliminary developed Brain Metabolic Score-BMS that could be used in evaluating the metabolic state of the cerebral cortex in real time. We used the brain as a typical organ for the calculation of the Score, but the same approach could be used for other organs or tissues. The goal of our study is to develop the Tissue Metabolic Score that could be monitored in the intensive care units or in the operating rooms.
Discussion and Future perspectives
In those medical environments the need for objective approach for decision making processes is very important as discussed previously [183] [184] [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] [196] [197] [198] [199] .
Figure 32:
A-G -Schematic presentation of the elements involved in the concept "Brain Metabolic Score "(BMS). H+I -The calculated BMS of human brain during the development of two cortical spreading depression cycles in a head injured patient.
In order to develop the BMS we used the multiparametric monitoring system described in detail in Figure 15 and the development of the score appeared in our publication . 
